Introduction
According to the World Health Organization (WHO), the number of dementia-48 induced deaths more than doubled between 2000 and 2016, making it the 5th leading 49 cause for deaths worldwide in 2016, up from 14th place in 2000. Among the various 50 forms of dementia such as Alzheimer's disease (AD) and Parkinson's disease (PD), AD 51
is the most common one, accounting for 60-70% of the cases. Typically, AD exhibits 52 such features as deposition of cortical plaques caused by excessive aggregation of β-53 amyloid protein (Aβ) and neurofibrillary tangles, and progressive brain degeneration 54 and deterioration of cognitive function among elderly people. Although the exact 55 mechanism of AD pathogenesis remains unknown, it is believed that oxidative stress 56 and activation of free radicals, induced by Aβ aggregation, play a key role in AD 57 pathogenesis [1] . 58
Reactive oxygen species (ROS) are reactive chemical species containing oxygen, 59 which are generated as natural byproduct of oxygen metabolism. ROS play important 60 roles in cell signalling and homeostasis, and their concentrations in cells are subtlety 61 regulated by various antioxidant compounds and enzymes. However, with cells under 62 continuing environmental stress (e.g. ultraviolet, inflammatory cytokines, or 63 environmental toxins), the imbalance between prooxidants and antioxidants may cause 64 4 chronic oxidative stress. Accumulation of ROS may cause cell death, accelerate cell 65 ageing, or induce age-related diseases [2] . More and more research evidences have 66 suggested that ROS plays a central role in the onset and progression of AD [3] . 67 Therefore, the protection of neural cells against oxidative damage may be a potential 68 strategy to treat AD. Several in vitro or in vivo studies have explored the function of 69 antioxidant and antiapoptotic drugs in ameliorating AD [4-6] but the approach is time-70 consuming and costly, plus the safety concern, which limits the use of these drugs in 71 AD treatment. Moreover, the blood-brain barrier (BBB) dampens the efficacy of these 72 drugs, since over 98% of small molecule drugs and ∼100% of large molecule drugs can 73 not pass the BBB [7] . Therefore, a non-drug treatment may be more suited to AD 74
patients. 75
The study employed a special thermal therapy, applied at high and low 76 temperatures alternately to achieve an effect similar to antioxidant and antiapoptotic 77 drugs. In our previous study, we used this novel method, thermal cycle hyperthermia 78 (TC-HT) for the treatment of pancreatic cancer, and found that this physical stimulation 79 greatly improved the anticancer effect of propolis and polyphenols on PANC-1 cells 80 without the heat-induced side effect [8, 9] . Traditional heat shock (HS) or hyperthermia 81 (HT) employs continuous heating to achieve curative effect, but it is likely to cause 82 neuron damage since damage to the central nervous system occurs within few minutes 83 5 of exposure to 42°C [10]. Nevertheless, the feature of TC-HT is that it can avoid the 84 damage caused by HT, which is crucial for neuroprotection. 85
In this study, we applied the TC-HT strategy to human neural cell line SH-SY5Y, 86 which has been extensively used in research on neurodegenerative damage in vitro, and 87 examined the prosurvival effect of TC-HT on preventing oxidative damage induced by 88 hydrogen peroxide (H2O2) and Aβ. The results showed that subjection of the cells to 89 heat at high and low temperatures alternately beforehand ameliorated the H2O2 and Aβ-90 induced cytotoxicity in SH-SY5Y cells significantly. It was found that TC-HT not only 91 performed superior protective effect than the traditional HS but also avoided thermal 92 damage caused by continuous heating. Examination of the underlying mechanism also 93 showed that TC-HT could activate specific neuroprotective proteins. These findings 94 indicate that TC-HT is a promising thermal therapy, which sheds light on novel 95 treatment for AD or other NDDs. 96 97 98
Materials and methods

99
Cell culture and treatment 100 The human neuroblastoma SH-SY5Y cells purchased from Bioresource Collection and 101
Research Center (Hsinchu, Taiwan) were maintained in MEM/F-12 mixture containing 102 8 (Sigma-Aldrich; Merck KGaA). Cells pretreated with TC-HT or HT at 42.5°C high 141 temperature setting for 8 cycles or 2 h, respectively, were challenged with H2O2. After 142 the treatment of H2O2 for 24 h, cells were washed with PBS, and then incubated with 5 143 µM DHE dye for 20 min at 37°C in the dark. The fluorescence intensity emitted by In vitro-applied TC-HT 179 We applied the thermal cycle (TC) treatment to SH-SY5Y cells by a modified 180 polymerase chain reaction (PCR) equipment ( Fig 1C) . Briefly, in our design, some 181 protruding parts of the PCR machine and plastic well were milled so that the bottom of 182 the well can touch the heat sink tightly. The basic TC settings were schemed as Fig 1A,  183 where the temperature was elevated to the desired high temperature and sustained for a 184 were applied for 2 h or 3 h in the HT group, and 8 or 12 cycles (for 15 min per cycle) 211 in the TC group to make the total thermal doses of the HT and TC groups equal. After 212 the heat pretreatment, the treated SH-SY5Y cells were kept in the incubator at 37°C for 213 4 h. They were then challenged with H2O2 to generate the oxidative stress, and the cell 214 viability was determined by MTT assay at 24 h after the H2O2 treatment. The results 215 12 53.7% of the control value, and showed that the heat pretreatment conferred protective 217 effect and increased the cell viability. At 41.5°C for 2 h and 8 cycles, HT and TC 218 treatments increased the cell viability to 61.9% and 68.5% of the control value, 219 respectively ( Fig 2B) . As we increased the high temperature setting to 42.5°C while 220 maintaining the same heating time, TC pretreatment greatly increased the cell viability 221 to 83% of the control value under H2O2 stress, while the HT group only exhibited a 222 slight increase ( Fig 2C) . When we further increased the heating time to 3 h, the 223 treatment of HT alone was cytotoxic to the cells, reducing the cell viability to 75.4%, 224 and the viability was even lower after the H2O2 treatment ( Fig 2C) . Interestingly, the 225 TC treatment with the same total thermal dose (12 cycles) had only a slight influence 226 on the cell viability, and it still conferred significant neuroprotective effect to the SH-227
SY5Y cells under H2O2 stress. 228
In particular, the study examined the influence of the cooling process on the 229 neuroprotective effect. As shown in Fig 2D, for low temperature period longer than 1 230 min, the TC pretreatment did not produce protective effect to the cells, indicating that 231 the low temperature period is a critical parameter to be determined for effective 232 neuroprotection. On the other hand, the LDH release rate was measured and found to 233 decrease significantly in the TC pretreatment group compared to the H2O2-treated group 234 ( Fig 2E) , further confirming its protective role in maintaining the cell membrane 235 13 integrity when cell was under oxidative stress. For AD disease model, Aβ treatment 236 was used to reduce the viability of SH-SY5Y cells due to the cytotoxicity of the 237 aggregated Aβ ( Fig 3A) . Our results showed that the TC treatment after Aβ 238 administration greatly improved the viability of SH-SY5Y cells ( Fig 3B) for nearly 239 25%, indicating the curative effect of TC in AD disease model in vitro. The most 240 effective high temperature setting was 42.3°C for 8 cycles in the Aβ-treated cells. 241
Interestingly, the curative effect of TC pretreatment was less pronounced than that of 242 TC post-treatment (treated after Aβ administration), indicating the time point of TC 243 application has great impact on the curative effect. Moreover, there were no curative 244 effects by both HT pretreatment and post-treatment on SH-SY5Y cells, whose viability 245 levels were even slightly lower than that of the Aβ-treated cells ( Fig 3B) . Furthermore, 246 the light microscopy images showed that the integrity of the cells was destructed by Aβ, 247 and the TC treatment caused the protective effect to retain the cell morphology, as 248 shown in Fig 3C. 249
To conclude the result of the H2O2-induced oxidative stress on SH-SY5Y cells, the 250 protective effect of TC pretreatment was more pronounced than the HT preconditioning. 251
And the TC pretreatment at 42.5°C produced much superior protection effect than at 252 41.5°C. Noteworthily, the HT pretreatment at 42.5°C for 3 h decreased the cell viability 253 which indicates that the continuous heating may induce cell damage. The protective 254 14 effect of TC was most remarkable at ~42.5°C for 8 cycles. Therefore, we chose this 255 parameter to evaluate the possible protective mechanism of TC-HT in the following 256 experiments. The onset and progression of AD has been reported to be associated with ROS. We 280 further studied whether the H2O2-induced intracellular ROS production could be 281 attenuated by the TC pretreatment. The intracellular ROS levels were detected using 282 the fluorescent dye DHE (Fig 4A) . Results showed that after exposure to 450 µM H2O2 283 for 24 h, ROS level was increased to 160% of the control value. When the SH-SY5Y 284 cells were pretreated with TC-HT, the intracellular ROS level was significantly 285 ameliorated ( Fig 4B) . Compared to the TC group, the ROS level was not changed in 286 the HT group. It has been well known that HT triggers expression of HSPs so that cells are able to 318 protect themselves from stress. To investigate whether the protective effect of TC-HT 319 was related to the HSPs, we examined the protein expressions of HSP70 and HSP105, 320 both of which were reported to have protective effects. As shown in Fig 6, both HSP 321 expressions were enhanced significantly after HT and TC treatments. The activation 322 levels of TC, however, was only slightly higher than HT without significant difference. 323
This phenomenon points out that although TC treatment indeed protects SH-SY5Y cells 324 more from the oxidative stress of H2O2, the main mechanism could be apart from the 325 HSPs. Therefore, other heat-activated stress response proteins should be considered in 326 the experiments. was increased in H2O2-treated SH-SY5Y cells compared to the untreated cells. The 344 increased p-Akt level could be due to the stress response induced by the oxidative stress 345 of H2O2. Heat pretreatment further increased the p-Akt levels in H2O2-treated SH-SY5Y 346 cells, and the TC group had significantly higher level of p-Akt than the HT group. We 347 also examined the expression levels of p-CREB and Nrf2. CREB is an important 348 transcription factor that also triggers expression of many prosurvival proteins, including 349 19 Bcl-2 and brain derived neurotrophic factor (BDNF). When CREB is phosphorylated, 350 it starts to regulate downstream gene expression. Besides, Nrf2 is also a key 351 transcription factor that regulates expression of antioxidant proteins, such as heme 352 oxygenase-1 (HO-1). As shown in Fig 7, H2O2 treatment and PD [13, 14] . Therefore, the study used SH-SY5Y cells in the experiments to 409 determine the protective effect of TC-HT against H2O2 and Aβ-induced cytotoxicity. 410
Although the exact molecular mechanism of neurodegeneration pathogenesis is still not 411 clear, a common feature of these diseases is oxidative stress [15] . Many researchers 412 believe that oxidative stress may play a critical role in the etiology and cause the 413 exacerbation of disease progression. Cellular ROS are generated by both extrinsic and 414 intrinsic sources, with the former including ultraviolet, drugs, and environmental toxins. 415
Under normal physiological conditions, ROS generated intrinsically from mitochondria 416 and other enzymes are maintained at appropriate levels by endogenous antioxidants. 417
However, when mitochondria suffers from decreased antioxidant defense or cell 418 inflammation due to damage, excess ROS production may occur. Since neuron cells are 419 especially vulnerable to oxidative damage due to their high oxygen demand and high 420 polyunsaturated fatty acid contents in membranes [16] , the imbalance between ROS 421 production and removal may cause neuron damage or degeneration. A key cellular and 422 molecular mechanism of several neurodegenerative diseases, such as AD, PD, 423
Huntington's disease (HD), amyotrophic lateral sclerosis (ALS), is the accumulation of 424 misfolded aggregation proteins in brain [17] . The deposition of these misfolded protein 425 23 aggregates can cause inflammation in brain, inducing significant ROS production and 426 leading to synaptic dysfunction, neuronal apoptosis, and brain degeneration [18] . The results showed that HT and TC-HT treatments enhanced the expression of both 510
HSPs significantly. However, the activation level of TC-HT was only slightly higher 511 than HT group, which could not explain the superior protective effect of TC-HT 512 compared to HT. 513
The stress response enables cells to survive the stress-induced damage. Use of 514 cells' self-defense ability to adapt the stress environment or manipulation of the stress 515 response to increase the survival rate may be valuable in regenerative medicine or 516 the manipulation of cellular stress response is how to fine-tune stress intensity and 522 duration to suit specific needs and prevent the stress-induced cell damage. The present 523 study demonstrated a delicate and efficient way to activate the stress response, leading 524 to protection and curation against H2O2 and Aβ-induced cytotoxicity on SH-SY5Y cells. 525
The thermal dosage was fine-tuned in a heat-and-cold cycling process, to maximize the 526 protective effect and minimize the heat stress-induced cell damage. Although 527 traditional HS can activate HSPs which may provide resistance to insults, such as 528 hyperthermia, the continuous exposure may cause cell damage or even death. Previous 529 studies have shown that the threshold for thermal damage is different among various 530 tissue cells, which have different levels of thermal sensibility [45] . For example, the 531 skin cells can withstand much higher thermal dosage (47°C for 20 min) than neural 532 cells, because the neural cells are more vulnerable. As the most thermally sensitive 533 tissue, brain can be damaged by low thermal dosage [45] . To attain optimal thermal 534 dosage for various tissues, the heating process should be divided into several parts, 535 which is the basic architecture of TC-HT. 536
In this study, the work presented an efficient and guaranteed way of controlling 537 the thermal dosage applied to cells. The novelty of the TC-HT strategy is the short 538 period of cooling process among the continuous heating period. The body temperature 539 29 (37°C) was selected as the low temperature setting which mimics the passive cooling 540 process in the human body. Interestingly, our data demonstrated that the application 541 time of the low temperature period is a critical parameter to determine the efficacy of 542 neuroprotection for TC-HT. For too short cooling period, the accumulation of the 543 thermal dosage will cause damage to neural cells like HT. On the other side, it was 544 found that the TC-HT did not produce protective effect to the cells when low 545 temperature period was longer than 1 min ( Fig 2D) . It may be due to the reason that the 546 application of too long cooling period (> 1 min) could interrupt the transmission of 547 biochemical signals and protein expressions stimulated by thermal stress, thus failing 548 to achieve the neuroprotective effect. The results revealed that 35 sec cooling process 549 at 37°C after 15 min at 42.5°C for 8 cycles produces the optimum protective effect to 550 SH-SY5Y cells. This protective effect was significantly much better than the 551 continuous HT, which is due to the activation of other thermal stress-associated proteins 552 apart from HSPs and the prevention of heat damage. From the LY294002 experiment, 553 it was confirmed that the superior protective effect resulted partially from the activation 554 of Akt pathway. One fascinating phenomenon is the antioxidant effect induced by TC-555 HT, which could be attributed to the increased antioxidant protein HO-1. Besides, the 556 Aβ-induced cytotoxicity was also rescued in TC-HT treated cells, which points out the 557 possibility that some stress-induced proteins might have the ability to eliminate or 558
